Abstract In the present work, medium density fiberboard (MDF) panels were produced using multiwalled carbon nanotubes (MWCNT) reinforced urea formaldehyde resin. Response surface methodology was employed to optimize the relationship between the three variables, viz. pressing time, percentage of UF resin and percentage of MWCNT, used in the fabrication of MDF, and the influence of variables on the internal bonding (IB) and modulus of rupture (MOR) was studied. The optimum conditions based on the IB strength were determined as 8.18 % of UF resin, pressing time of 232 s, and MWCNT of 3.5 %. Similarly, the optimized conditions for MOR are also reported in this paper.
Introduction
Medium density fiberboards (MDF) are manufactured from hard-and softwood residuals combined with wax and resin binders to form panels by application of high pressure and temperature (Irle and Barbu 2010) . Urea Formaldehyde (UF) resin is used as a binder/adhesive in the manufacture of MDF boards. During service life of MDF, the continuous exposure to moisture or water degrades the crosslinked structure of UF resin, and volatile formaldehyde emission is taking place (Kamoun et al. 2003) . Wood fibers have free hydroxyl groups (-OH), which make them reactive towards humidity and moisture (Kumar et al. 2016a, b) , and formaldehyde present in cured UF resin is also very reactive towards moisture. According to Hauptmann et al. (2004) , formaldehyde is causing cancer to humans. Thus, various studies were conducted to reduce the formaldehyde emission from wood based panels by reducing the formaldehyde/urea (F/U) molar ratio.
Hydrolytic degradation, formaldehyde emission, and stress rupture developed due to humid conditions can be reduced by using di-and tri-functional amines. Hexamethylenediamine (HMDA), Bis-hexamethylene triamine (BHMTA) and poly(propyleneoxidetriamine) (PPOTA) are commonly used to modify the properties of UF resin (Ebewele 1995) . The use of melamine in the preparation of wood panels gives better bonding strength, greater resistance to water absorption and lower formaldehyde emission compared to boards made of UF alone. Researchers (Kamoun et al. 2003; Weinstabl et al. 2001; Park and Jeong 2011) . Tomita and Hse (1995) reported that the reaction mechanism of melamine modified UF resin and UF resins are similar, and that methylene and methylene-ether bonds are formed during the co-polymerization of urea and melamine. The hydroxymethyl-melamines and hydroxymethyl-ureas are formed if the pH of the melamine added to UF is between 8 and 9. The polymerization process occurs in acidic conditions (pH between 6 and 7) with the formation of methylene-ether and methylene bonds (Kim et al. 2006) .
During polymerization of UF resin, melamine was added and reacted with free formaldehyde present in the resin to form hydroxyl-methyl-melamine altering the properties of UF resin . Tohmura et al. (2000) reported that resins prepared with the inclusion of melamine of functional group 3 and higher enhances the formation of branch network during curing of UF resin. Stable methylene bonds are formed between melamine and free formaldehyde resulting in the reduction of formaldehyde emission. Lei et al. (2008) observed enhanced curing rates and cross linking of the UF resin with Na ? -montmorillonite (Na-MMT) nanofiller in plywood panels. Cai et al. (2010) added nanoclay (aluminum layered silicates) to melamineurea formaldehyde resin (MUF) and impregnated the modified MUF in wood to enhance the physical and mechanical properties. The addition of nanoclay reduced the curing temperature of the MUF resin; while the storage modulus and viscoelastic properties of MUF resin improved. The dimensional stability and mechanical properties of the wood also improved. Xian (2012) studied the effect of nanoclay (Cloisite30B) on the properties of UF and MUF resins. The addition of nanoclay delayed the curing time of the resins and improved thermo-mechanical properties, i.e., storage modulus, without influencing the properties of the particleboard. Zhang et al. (2011 Zhang et al. ( , 2013 used nanocrystalline cellulose as filler in UF resin. The formaldehyde emission decreased by 13 %, and the bonding strength improved by 40 % with the addition of 1 % cellulose.
The wet internal bonding strength and modulus of elasticity of plywood improved significantly with the addition of montmorillonite nanoclay to phenol formaldehyde resin (Fang et al. 2014 ). Candan and Akbulut (2014) prepared nano-engineered plywood panels using MUF resin reinforced with nanosilica (nanoSiO 2 ), nanoalumina (nanoAl 2 O 3 ), and nanozinc oxide (nanoZnO) particles. The results acquired in this work showed that the nanomaterialreinforcement significantly influenced the physical and mechanical characteristics of the plywood panels. Candan and Akbulut (2015) fabricated nano-reinforced particleboard panels with nanoSiO 2 , nanoAl 2 O 3 , and nanoZnO. They reported that at lower weight concentrations the nanoparticles have positive effects on the physical and mechanical properties of particleboard panels. Candan et al. (2016) demonstrated the fabrication of pMDI nanocomposites with nanocellulose and nanoclay reinforcement and analysed the thermo-mechanical properties using dynamic mechanical thermal analysis (DMTA). The results indicated the nano-reinforced pMDI to have a lower curing temperature, though not significant. Jovanović et al. (2015) prepared micro and nano TiO 2 reinforced UF composites, and studied the effect of c-irradiation on the hydrolytic and thermal stability. The thermal properties of UF composites improved with the nanoparticles as well as with c-irradiation.
Many researchers have investigated the use of SiO 2 nanoparticles as fillers for UF resin. The increase in loading of the particles in UF resin decreased the formaldehyde emission and improved the bonding strength. The addition of SiO 2 nanoparticles has no significant influence on the curing of resin (Lin et al. 2006) . Samaržija-Jovanović et al. (2010) studied the effect of SiO 2 nanoparticle addition on the thermal stability of UF resin. Dudkin et al. (2006) concluded from their experiments that the addition of aluminium oxide nanoparticles to UF resin reduced the emission of formaldehyde. The aluminium oxide nanoparticles improved the heat transfer of wood fibers in MDF manufacturing (Kumar et al. 2013a ) and the curing properties of UF improved with the addition of aluminium oxide nanoparticles (Kumar et al. 2013b ). Kumar et al. (2013c) evaluated the influence of activated nanocarbon particles on the curing properties of UF resin and formaldehyde emission from the produced MDF panels. The addition of activated nanocarbon particles significantly reduced the formaldehyde emission from MDF panels.
Response surface methodology (RSM) is a collection of statistical and mathematical techniques useful for developing, improving and optimizing process (Myers and Montgomery 1995) that is dedicated to the evaluation of relations existing between a group of controlled experimental factors and the observed results of one or more selected criteria. To improve the mechanical properties of MDF, response surface methodology (RSM) was considered to analyse the effects of variation of inorganic or organic fillers and their interactions. Chen et al. (2013) optimized the use of soy flour adhesive for plywood manufacturing, while Islam et al. (2012) optimized the process parameters of particleboard production by using multi-response optimization process. The parameters used in the preparation of thermally-compressed wood of Trewia nudiflora were optimized statistically using Box-Behnken design (Islam et al. 2014) . Yu et al. (2015) optimized the mechanical properties of plywood made of bamboo and discussed the effects of different parameters such as hot-pressing time, hotpressing pressure, and resin content on the mechanical properties of bamboo plywood.
Since the landmark paper by Iijima (1991) , the outstanding electrical, thermal, and mechanical properties of carbon nanotubes (CNTs) have intrigued researchers. Pristine carbon nanotubes are expected to have a very high electronic conductivity and an axial modulus for extended tubes of 1 TPa, which is approximately five times stronger than steel (Sinnott and Andrews 2001) . Due to their exceptional high electrical, thermal and mechanical properties, the carbon nanotubes are dispersed as filler or as reinforced material for both thermoset and thermoplastic adhesives. Recently, the influence of multiwalled carbon nanotubes (MWCNT) as nanofiller material on the curing, viscoelastic, chemical, mechanical, and thermal properties of UF resin and MDF boards have been reported (Kumar et al. 2015) . In the present work, experiments at different loading or concentration are intended for undertaking optimization analysis using Response Surface Methodology (RSM) on the use of MWCNT filler in the production of MDF panel boards.
Experimental

Materials
The urea formaldehyde (UF) resin having F/U molar ratio 1.0 supplied by Dynea Malaysia Sdn Bhd., has a solid dry mass content of 64.3 % and a viscosity of 170 cP. Industrial grade multiwalled carbon nanotubes (MWCNT) used as nanofiller material were supplied by Chengdu Organic Chemicals Co., Ltd, Chinese Academy of Sciences. The nanofiller material is of 20-40 nm in diameter with a length of 10-30 lm and with a surface area of 100 m 2 /g. M/s Robin Resources Std. Bhd. supplied the rubber (Hevea brasiliensis) wood fibers, prepared by thermo-mechanical pulping process with moisture content between 6 and 8 %.
Preparations of UF/MWCNT resins
About 10.0 g of MWCNT were added to 2 mol of nitric acid 68 wt% in 1000 ml water and heated at 60°C for 5 h to form the carboxylic acid group on MWCNT surface (Hasany et al. 2013 ). Subsequently, the mixture was cooled to room temperature and excess nitric acid solution was removed, and activated MWCNT was washed with deionised water until the solution became neutral. Upon vacuum filtration through 0.45 lm pp micro-porous membrane, the obtained filter cake was oven dried at 60°C for 24 h to yield COOH-MWCNT.
In the preparation of UF/MWCNT resin, the activated MWCNT was mixed under mechanical stirring for 20 min at 2000 rpm with UF resin in concentrations of 0.0, 1.0, 2.5, 3.5, 5.0, 7.5 and 10.0 % weight or 0.0, 0.20, 0.52, 0.60, 1.04, 1.40 and 2.08 % volume, respectively using the method described in Kumar et al. (2015) . The uniform dispersion of MWCNT into UF resin was achieved by ultra-sonication treatment for 20 min.
Optimization
The Box-Behnken (Box and Behnken 1960) design of RSM (Response Surface Methodology) in Design Expert 7.01 software was used in the experimental design to determine the significant variables which influence the MDF fabrication process and mechanical properties. This method allows establishing statistical relationships between experimental variables (pressing time, nanofiller percentage, and UF resin percentage) and response (IB, MOR) from which the experimental conditions can be predicted for achieving optimal board properties.
Preparation of medium density fiberboards
MDF panels were prepared using fresh wood fibers of rubber and mixing them with UF resin in a rotary blender equipped with resin spray attachment. The wood fibers were mixed with resin and formed as a mat using a forming box. The resonated wood fibers mats have moisture content between 12 and 15 %. The fibers mat was pre-pressed in a cold mould press for 2 min at 10 MPa pressure. The mat was then hot-pressed to the desired dimensions (280 mm 9 280 mm 9 9 mm) with a target density of 775 kg/m 3 using Lotus Scientific, LS-22025, 25 ton capacity with 30 cm 9 30 cm dimensions at 30 MPa pressure and 180°C platen temperature to the desired thickness for a specific pressing time. The panels were conditioned to a relative humidity of 65 ± 5 % and a temperature of 20°C to attain uniform moisture content in the panels. The boards were trimmed for determining the modulus of rupture (MOR) and internal bond strength (IB). The internal bonding and modulus of rupture of the MDF panels were evaluated as per British Standards EN 319 (1993) and EN 310 (1993) , respectively. The IB and MOR of MDF panels were estimated with the universal testing machine.
3 Results and discussion
Dispersion of MWCNT in UF resin
In this work, for achieving the good dispersion of MWCNT in UF resin, the MWCNT was functionalized to form active functional groups on the surface such as -OH and -COOH. In the acid oxidation MWCNT, the peaks at 1636 and 1295 cm -1 correspond to C=O and C-O stretching, respectively. Figure 1 shows a broad peak corresponding to strong absorption at 3435 cm -1 which can be ascribed to - Eur. J. Wood Prod. (2017) 75:203-213 205 OH stretching vibration in -COOH group (Singh et al. 2008) . The peak formation at 1636.19 cm -1 associated with the stretch mode of carboxylic group as observed in the IR spectrum of the acid-treated MWCNT indicates that carboxylic groups reformed due to the oxidation of certain carbon atoms on the surface of the MWCNT by nitric acid (Atieh et al. 2010) .
Thermo-analytical methods are useful in identifying the relative changes due to processing. It is used to study the degree of MWCNT functionalization (Rinzler et al. 1998 ). Thermogravimetric analysis (TGA) methods controlled oxidation process gives quantitative data on the weight fractions of carbon and metal catalyst in the sample and the temperatures at which bulk oxidation takes place (Arepalli et al. 2004) . Figure 2 shows the TGA curves of MWCNT both untreated and functionalised. Peak degradation temperature for pristine MWCNT and treated MWCNT appeared at 696 and 669°C, respectively. The final degradation temperature for untreated one is 55°C higher than for the treated one. MWCNT have a certain percentage of catalysts, which enhance the thermal stability in comparison to treated MWCNT. This shows that nitric acid treatment removes the impurities present in the MWCNT resulting in higher thermal stability. Kumar et al. (2015) demonstrated the effect of MWCNT loading on curing and thermal-mechanical properties of UF resin and evaluated the dispersion of MWCNT into UF resin matrix using XRD and TGA. Figure 3 shows the FESEM images of MWCNT, cured UF and UF with different weight percentages of MWCNT and MDF board. The morphology of cured UF resin seems uniform as shown in Fig. 3b . After the addition of MWCNT (3.5 %), the morphology of UF resin was not influenced much, and well dispersed MWCNT is shown by arrows in Fig. 3c . Further, with the higher MWCNT percentages the morphology of UF resin altered and formed lots of agglomerated particles of nanotubes (see Fig. 3d, e) . Figure 4 shows the formation process of UF-MWCNT nanocomposites. The treated MWCNT was mixed with UF resin using ultra-sonication process. Possibly the carboxylic group of MWCNT covalently interact with OH group present in UF resin during the cross-linking and polymerization and formed UF-MWCNT polymer nanocomposites with improved properties. Kumar et al. (2015) reported that the addition of MWCNT reduced the curing temperature with enhancement in the storage modulus of UF resin. Similarly, the IB and MOR of MDF improved with the addition of MWCNT to UF resin.
Determination of levels of variables
The experiments carried out for the preparation of MDF boards have been grouped into three categories based on the pressing time as: less than 100 s, between 150 and 300 s, and greater than 300 s. The values of internal bonding (IB) and the modulus of rupture (MOR) are categorised based on the duration of the mat in hot press. When the pressing time was varied in the range of 150 and 300 s, the IB and MOR results of MDF boards are observed to be optimum. When the pressing time was less than 100 s, the MDF board has not cured properly. For a pressing time greater than 300 s, the cost of production will increase, as greater amount of energy is consumed leading to overall reduction in production. Hence the experimental pressing time of 150, 225 and 300 s were selected for the coding of time variables as -1, 0 and ?1, respectively; the details of which are given in Table 1 .
The effect of multiwalled carbon nanotubes on the mechanical properties of MDF was investigated at different loadings in weight percentage of 0.0, 1.0, 2.5, 5.0, 7.5 and 
Testing results
The RSM yielded a total of 17 runs undertaken in random order with independent variables of hot pressing time, MWCNT concentration, and UF resin. The results from the analysis are presented in Table 2 . Analyses of variance (ANOVA) with RSM are undertaken for IB and MOR, and the results are presented in Tables 3 and 4 , respectively. The ANOVA analysis used in the modelling of quadratic structure for IB and MOR properties reflected the values of P to be lower than 0.0001. The pressing time and the concentration of nanofiller resin significantly influence IB for P \ 0.0001 at 95 % confidence level. The values of IB and MOR are presented in Fig. 5a and b, signifying a good response to the model proposed. Table 2 . Increasing filler concentration increased the IB and MOR; the highest value of IB and MOR at 300 s pressing time and 3.5 % of MWCNT were 0.75 and 55 MPa, respectively. The values of IB and MOR increase with pressing time and the percentage of MWCNT added due to complete curing of UF at higher pressing time. The addition of MWCNT has a decreasing effect on the activation energies in the curing of UF resin. The combination of pressing time and MWCNT has a significant effect on IB and MOR, as reported in ANOVA results in Tables 3 and 4 . Figure 7a , and b show that the high percentage of MWCNT addition has a negative impact on IB and MOR properties of MDF panels. The higher UF% has a positive effect on the mechanical properties. MOR and IB increase with MWCNT% up to 3.5 %. A further addition of MWCNT reduces the MOR due to agglomeration of MWCNT resulting in incomplete curing of UF resin. However, both IB and MOR continuously increase with UF resin%. The UF resin% individually affects IB and MOR of MDF significantly at P \ 0.0001 level. However, MWCNT% does not have a significant effect on MOR. The highest value of MOR and IB are 0.75 and 55 MPa at 3.5 % MWCNT and 12 % UF resin.
Effect of variables on IB and MOR
Pressing time and resin concentration are the two most important parameters in the manufacture of MDF boards (Kelly 1977) . The 3D surface response intersection of the pressing time and UF resin is shown in Fig. 8a and b. For a pressing time of 150 s and 9.5 % filler concentration, the values of IB and MOR obtained for the MDF boards are 0.43 and 29 MPa, respectively. When increasing the pressing time to 225 s with a filler concentration of 7 %, the value of IB and MOR increased to 0.46 and 32 MPa, respectively. Higher filler concentrations require higher press time for obtaining enhanced properties of the MDF board.
Regression model and optimized variables
A regression model was developed to estimate the MDF properties (IB and MOR), which are influenced by the independent variables (pressing time, MWCNT% and UF resin%). Analysis of variance (ANOVA) equations in terms of actual factors were formed using response surface models. Equations (1 and 2) have independent variables; pressing time (A) which varies between 150 and 300 s, MWCNT% varies between 0 and 7 % and UF resin% varies between 7 and 12 %. 
The optimal values of independent variables, pressing time, MWCNT% and UF resin% for getting the optimal MDF properties are given in Table 5 . The results and optimization of MDF properties exhibit the precision of the Box-Behnken model in the optimization processes (Teruel et al. 1997 ).
Validation of model predication
The samples were prepared by using optimum variables obtained by Design of Expert (DOE) in order to validate the model. Three sets of experiment for each IB and MOR were performed to validate the regression model using the experimental values of IB and MOR, presented in Table 5 .
The predicated values of IB through the model were 0.67 MPa, and the experimental value was 0.71, which was close to the predicted value. Similarly, the predicated value for MOR was 50 MPa and the experimental value was 48.78 MPa. From the present validation work, it is observed that the model is able to predict the values which are close to the experimental values (Eqs. 1 and 2).
Conclusion
The Box-Behnken design offers a better insight into the effects of the three selected parameters, pressing time, MWCNT nanofillers percentage, and UF resin percentage on the two mechanical properties IB and MOR of MDF. The optimized parameters for MOR and IB were determined. These values were further validated by a confirmation experiment to see the efficacy of the predictability and were found to in be good agreement with the optimized data by desirability functions and Box-Behnken design. Therefore, response surface methodology with desirability functions has been proven to be adequate for the design and optimization of the process parameters for the fibreboard production with MWCNTs fillers. The industrial applicability of nanoreinforced UF resin needs further research, especially the reduction of nanomaterial cost and dispersion phenomenon. 
